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OBJECTIVE We sought to evaluate the vena contracta width (VCW) measured using color Doppler as an
index of severity of tricuspid regurgitation (TR).
BACKGROUND The VCW is a reliable measure of mitral and aortic regurgitation, but its value in measuring
TR is uncertain.
METHODS In 71 consecutive patients with TR, the VCW was prospectively measured using color
Doppler and compared with the results of the flow convergence method and hepatic venous
flow, and its diagnostic value for severe TR was assessed.
RESULTS The VCW was 6.1 6 3.4 mm and was significantly higher in patients with, than those
without, severe TR (9.6 6 2.9 vs. 4.2 6 1.6 mm, p , 0.0001). The VCW correlated well with
the effective regurgitant orifice (ERO) by the flow convergence method (r 5 0.90, SEE 5
0.17 cm2, p , 0.0001), even when restricted to patients with eccentric jets (r 5 0.93, p ,
0.0001). The VCW also showed significant correlations with hepatic venous flow (r 5 0.79,
p , 0.0001), regurgitant volume (r 5 0.77, p , 0.0001) and right atrial area (r 5 0.46, p ,
0.0001). A VCW $6.5 mm identified severe TR with 88.5% sensitivity and 93.3% specificity.
In comparison with jet area or jet/right atrial area ratio, the VCW showed better correlations
with ERO (both p , 0.01) and a larger area under the receiver operating characteristic curve
(0.98 vs. 0.88 and 0.85, both p , 0.02) for the diagnosis of severe TR.
CONCLUSIONS The VCW measured by color Doppler correlates closely with severity of TR. This
quantitative method is simple, provides a high diagnostic value (superior to that of jet size)
for severe TR and represents a useful tool for comprehensive, noninvasive quantitation of TR.
(J Am Coll Cardiol 2000;36:472–8) © 2000 by the American College of Cardiology
Tricuspid regurgitation (TR) is a common echocardio-
graphic finding, whether due to intrinsic valve abnormalities
(1) or to functional regurgitation with a structurally normal
valve (2,3). Tricuspid regurgitation, even functional, may
lead to increased long-term morbidity and mortality (3,4)
and can persist even after surgical correction of the primary
left-sided lesion (5–7). Therefore, with improvements in
surgical methods and results of tricuspid repair, more liberal
surgical indications have been recommended in patients
with marked TR (8,9). Consequently, there is a renewed
emphasis on determining, simply but reliably, the severity of
TR for clinical decision making (2).
For the assessment of TR severity, invasive methods have
major limitations and pitfalls, well recognized in the cath-
eterization laboratory (10,11), and have never been reference
methods (12). Noninvasive quantitation of TR remains a
challenge. Color-flow imaging is useful to recognize small
jets (2,13), but the assessment of larger TR jets has
important limitations (14). Systolic flow reversal in the vena
cava and hepatic veins is a useful sign of severe TR (15–17)
but is not quantitative and does not provide a full descrip-
tion of the entire spectrum of TR. Calculation of the
tricuspid regurgitant orifice area by the flow convergence
method (18,19) is appealing but time consuming and
requires multiple measurements. Therefore, the subjective
visual assessment of TR often remains the only method used
in routine clinical practice (20).
Recently, there has been considerable interest in color
Doppler imaging of the vena contracta for quantifying valve
regurgitation (21–23). The vena contracta is the smallest
regurgitant flow area immediately beyond the flow conver-
gence region and before expansion of the turbulent regur-
gitant jet (24) and corresponds hydrodynamically with the
effective regurgitant orifice area (ERO) (25). In vitro studies
support the concept that measurements of the color Doppler
size of the vena contracta directly represent the size of the
regurgitant orifice (26–29). Hence, recently, in vivo color
Doppler measurements of the vena contracta width (VCW)
have been used to assess severity of mitral (21,22,30–32)
and aortic regurgitation (23,24). Pilot data in TR appear
promising (33). Therefore, the VCW has considerable
potential as a simple but physiologically meaningful index of
severity of TR but remains to be validated.
Consequently, we hypothesized that the VCW measured
by color Doppler allows specific determination of the degree
of TR in a clinical setting, and we prospectively examined,
in a large series of patients, the relation of VCW with ERO
simultaneously calculated by the proximal flow convergence
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method (PISA) and with the presence of systolic flow
reversal in the hepatic vein.
METHODS
Patient population. The inclusion criteria for the present
study were:
1) presence of TR of at least mild degree, as determined by
standard color-flow Doppler imaging,
2) the presence of sinus rhythm or regular rhythm in paced
patients,
3) quantitative Doppler assessment of the severity of TR
with PISA method,
4) Doppler analysis of the hepatic venous flow pattern, and
5) evaluation of the VCW of TR.
Exclusion criteria included:
1) presence with color-flow Doppler imaging of more than
one tricuspid regurgitant jet,
2) inability to acquire the reference methods, and
3) atrial fibrillation.
The presence of clinical signs of severe TR, in particular a
pulsatile liver, was noted independently by the patient’s
attending physician.
Doppler echocardiography. The studies were performed
with 2.5-MHz transducers and were recorded on Umatic
tapes for off-line review and analysis. All patients had a
complete two-dimensional and Doppler echocardiographic
study using multiple windows during the same examination.
The mechanism of the TR was determined based on the
analysis of the right ventricle, tricuspid annulus, subvalvular
apparatus and valve leaflets. Organic regurgitation was
related to intrinsic abnormalities of the tricuspid valve, and
functional regurgitation was characterized by normal valves
and enlarged annulus.
Color-flow Doppler imaging was obtained with the
standard color encoding system with the patient in the left
lateral decubitus position from the apical views and the
parasternal right ventricular inflow view. The presence or
the absence of an eccentric TR jet was determined on the
basis of the direction of the jet immediately below the
regurgitant orifice (14).
VCW. The color Doppler images of the vena contracta
were obtained from an apical view (Fig. 1). The narrowest
sector angle of imaging was selected to optimize the
imaging frame rate. The low velocity cutoff ranged from 8 to
16 cm/s. A tissue priority algorithm was used. The gain was
adjusted step by step to obtain the maximal color gain level
that did not introduce signal outside of flow areas (21). The
position of the transducer was modified to optimize visual-
ization of the flow convergence region and the regurgitant
flow proximal and distal to the tricuspid valve. The aliasing
velocity ranged from 46 to 96 cm/s. By using a zoom of the
region of interest, considerable care was taken to visualize
the vena contracta, defined as the narrowest neck of the
regurgitant flow just distal to the flow convergence region
(Fig. 1). Measurement of the VCW was made in midsystole
by an observer unaware of the clinical examination, the
results of PISA and the hepatic venous flow pattern. The
values of measurements of four consecutive cardiac cycles
were averaged in each patient. In 17 patients randomly
selected, measurements of the VCW were repeated inde-
pendently by a second observer for determining interob-
server variability.
PISA method. Theoretic background for the PISA
method has been described previously (18,34,35). After
downshifting of the color baseline, the radius (r) of the flow
convergence is measured and the corresponding aliasing
velocity (Vr) is noted. Two corrections for local and geo-
metric factors, as previously validated in TR (19,36,37),
were systematically applied. First, the ratio (V/[V 2 Vr]),
where V is the peak tricuspid regurgitant velocity from
continuous-wave Doppler, was calculated to avoid underes-
timation of flow rate (38) due to a flattening of the
isovelocity shells close to the orifice. Second, the ratio
alpha/180 was calculated, where alpha is the angle of the
systolic inverted tricuspid valve funnel, to account for the
shape of the tricuspid valve. By combining these two
corrections, midsystolic instantaneous regurgitant flow
(RFlow) was calculated as:
Rflow 5 ~2p 3 r2 3 Vr! 3 ~V/V 2 Vr! 3 ~alpha/180!
Abbreviations and Acronyms
ERO 5 effective regurgitant orifice
PISA 5 proximal isovelocity surface area
r 5 radius
RA 5 right atrium
RFlow 5 midsystolic instantaneous regurgitant flow
ROC 5 receiver operating characteristic
TR 5 tricuspid regurgitation
V 5 peak tricuspid regurgitant velocity from
continuous-wave Doppler
VCW 5 color Doppler width of the vena contracta
Vr 5 aliasing velocity
Figure 1. Example of tricuspid regurgitant flow from the apical view with
(left) definition of the three components of the regurgitant flow and, right,
measurement of the vena contracta width (crosses).
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The ERO area was then calculated as:
ERO 5 RFlow/V
Practically, color Doppler images of the proximal flow
convergence of TR were obtained from an apical or para-
apical view using a zoom of the region of interest. The
position of the transducer was modified to minimize the
angle between the centerline of the flow convergence and
the ultrasound beam. The color-flow velocity scale was
maximized and the baseline shifted downward until the flow
convergence region was clearly visualized. The Nyquist
velocities selected ranged from 11 to 43 cm/s (mean, 24 6
7 cm/s). Radial distance r between the first aliasing (red/
blue interface) and the center of the tricuspid orifice was
measured along the centerline of the flow convergence
region in midsystole. Angle alpha was measured with a
protractor from a printout of the tricuspid valve image from
the same apical view.
Other signs of TR. The jet area by color Doppler was
measured with a sector allowing visualization of the entire
right atrium (RA). The images were reviewed frame by
frame, and planimetry of the maximal aliasing area of the
regurgitant jet was performed. The ratio of the maximal jet
area to the RA area measured on the same image was also
calculated.
Hepatic venous flow was recorded from the subcostal
view with pulsed Doppler (17) with the patients supine.
Severe TR. The patients were classified objectively as
having severe TR if they had either clinical signs of severe
TR with pulsatile liver, systolic flow reversal in the hepatic
veins by Doppler (15) or an ERO $40 mm2 (18), and the
number of criteria present was noted. A classification as
“visually marked TR” based on a large size of jet and RA
and on reversal in hepatic veins was also obtained.
Statistical analysis. Descriptive results were expressed as
mean value 6 SD for continuous variables and as percent-
ages for categorical variables. Groups were compared with t
test or chi-square. Color Doppler width of the vena con-
tracta was related to the ERO area obtained by the PISA
method with linear regression in the entire group and in
subgroups of patients with eccentric jets and those with
noneccentric jets. Comparison of regressions between these
two subgroups was performed using analysis of covariance.
The relation to categorical variables was assessed by Spear-
man rank-order correlation. The optimal threshold of the
VCW to classify patients with and those without severe TR
was determined by testing the whole range of VCW by
increments of 0.5 mm. The sensitivity, specificity and
positive and negative values for each threshold were calcu-
lated. The receiver operating characteristic (ROC) curve
was also calculated for the diagnosis of severe TR for the
VCW, the jet area and the jet/right atrium ratio, and the
areas were compared using the paired t test. Statistical
significance was accepted for p , 0.05.
RESULTS
Patients. We examined 80 eligible patients, and the VCW
could not be measured in nine (11%). Therefore, the study
included 71 patients (age, 62 6 15 years; 24 men and 47
women) with TR fulfilling the eligibility criteria. Sixty-six
patients were in normal sinus rhythm, and five had regular
paced rhythm. Tricuspid regurgitation was of organic cause
in 10 patients (rheumatic in 4, prolapse in 3, endocarditis in
1, carcinoid in 2) and functional in 61 (due to left heart
disease in 30, to chronic obstructive pulmonary disease in 21
and to miscellaneous diseases in 10). Pulmonary hyperten-
sion with systolic pulmonary artery pressure $50 mm Hg
was noted in 43 patients. Severe TR was observed in 26
patients, and the diagnosis was based on one criterion in 2
patients, on two criteria in 22 patients and on three criteria
in 2 patients. The baseline characteristics of the overall
population and of the patients with and those without
severe TR are reported in Table 1.
VCW of TR. The mean VCW was 6.1 6 3.4 mm (range,
1.5 to 20.5 mm). A good correlation was found between the
VCW measured with color-flow Doppler imaging and the
ERO area calculated with the PISA method (r 5 0.90,
SEE 5 0.17 cm2, p , 0.0001) (Fig. 2). This correlation
between VCW and ERO was comparable in 12 patients
with eccentric jets (r 5 0.93, p , 0.0001) and 59 with
noneccentric jets (r 5 0.90, p , 0.0001), and the slopes of
these two regressions were not significantly different by
analysis of covariance (p 5 0.69). The VCW showed
significant, although less tight, correlations with regurgitant
flow (r 5 0.85, p , 0.0001) and regurgitant volume (r 5
0.77, p , 0.0001). The VCW was closely related to the
presence or absence of reversal flow in the hepatic vein (r 5
0.79, p , 0.0001) (Fig. 3). The correlations between VCW
and jet area or the ratio of jet area to RA area were weaker
(r 5 0.62 and 0.60, respectively) although significant (both
p , 0.0001). The VCW also showed significant correlation
with RA size (area, r 5 0.46, p , 0.0001). Therefore, the
correlations of VCW with the diagnosis of visually marked
TR (n 5 30) based on these criteria were significant but
modest (r 5 0.69, p , 0.0001). Indeed, visually marked TR
showed higher correlation to RA pressure (r 5 0.56) and
weaker correlation to ERO (r 5 0.70) than VCW (both p ,
0.05).
The VCW was measurable in 71 of 80 consecutive
patients (89%) in whom it was attempted. The reproduc-
ibility of VCW was excellent. In 17 patients randomly
selected, measurement of VCW by a second observer
showed low interobserver variability, with highly significant
regression (r . 0.90, p , 0.0001), a low standard error of
the estimate of the VCW (0.59 mm) and a low mean
absolute difference between observers (0.46 6 0.42 mm).
Diagnostic value of VCW for severe TR. The baseline
characteristics of patients with and those without severe TR
are listed in Table 1. In the 26 patients with severe TR,
compared with those without severe TR, regurgitant flow,
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regurgitant volume and RA area were all larger, confirming
the appropriateness of the diagnosis of severe TR. In severe
TR, the VCW was larger (9.7 6 3.0 mm vs. 4.3 6 1.7 mm,
p , 0.0001), but the maximal jet area and jet-to-RA area
ratio were also significantly higher (both p , 0.0001).
Comparison of the association with the degree of TR
between VCW and jet measurements showed that correla-
tions were stronger with VCW. There were significant but
weak correlations between the maximal jet area or the ratio
of jet to RA area and the ERO (r 5 0.54, p , 0.0001 and
r 5 0.52, p , 0.0001, respectively) but with large scatter
(both standard error of the estimate 5 0.33 cm2) among
patients (Fig. 4). The comparison of correlations showed
that the correlation between ERO and VCW was signifi-
cantly stronger than those between ERO and jet area or
jet-to-RA area ratio (both p , 0.01). For the diagnosis of
severe TR, the area under the ROC curve regarding the
VCW was excellent (0.98) and was significantly better than
those obtained with jet area (0.88, p 5 0.017) and for the
jet-to-RA area ratio (0.85, p 5 0.01) (Fig. 5).
The various thresholds of VCW for identifying patients
with severe TR are reported in Table 2, with their respective
diagnostic values. All except 1 of the 19 patients with a
VCW $7.5 mm had severe TR, and none of the 40 patients
with a VCW ,6 mm had severe TR. The threshold of
6.5 mm showed the lowest difference and a high sum of
sensitivity and specificity.
DISCUSSION
The results of this prospective study show that measurement
of the VCW using color-flow Doppler: 1) can be reproduc-
ibly performed in patients with various degrees and causes of
TR; 2) shows close association to the ERO, even in patients
with eccentric jets; and 3) identifies, with high sensitivity
and specificity and better than jet size, patients with severe
TR and, thus, is a useful tool for assessing severity of TR.
Assessment of TR. The degree of TR has been under-
scored as an important determinant of outcome (3,4), and
liberal surgical indications in patients with marked TR have
Figure 2. Correlation between the vena contracta width (y axis) and the
effective regurgitant orifice area (ERO, x axis) calculated by the proximal
isovelocity surface area method.
Figure 3. Relation between the color Doppler vena contracta width
(VCW) and the presence of systolic hepatic venous flow reversal. Note the
high sensitivity of a VCW of 6 mm.
Table 1. Baseline Characteristics of the Entire Population and of Patients With or Without
Severe Tricuspid Regurgitation
Overall
Severe TR
No
(n 5 45)
Yes
(n 5 26) p Value
Age (yr) 62 6 12 62 6 15 63 6 15 0.78
Male (%) 34 22 54 0.006
SBP (mm Hg) 130 6 25 129 6 25 132 6 27 0.62
Heart rate (beats/min) 76 6 13 74 6 13 79 6 12 0.14
Stroke volume (mL) 61 6 22 63 6 23 58 6 18 0.36
Cardiac index (L/m2) 2.6 6 0.8 2.6 6 0.8 2.4 6 0.7 0.40
S-PAP (mm Hg) 62 6 25 68 6 27 51 6 18 0.007
LV ejection fraction (%) 55 6 16 56 6 14 54 6 18 0.50
Right atrial area (cm2) 27 6 10 25 6 10 31 6 10 0.009
Jet area (cm2) 7.2 6 6.2 4.8 6 4.7 11.5 6 6.2 , 0.0001
Jet/right atrial area (%) 25 6 16 19 6 12 38 6 15 , 0.0001
Vena contracta width (mm) 6.1 6 3.4 4.2 6 1.6 9.6 6 2.9 , 0.0001
Regurgitant flow (mL/s) 125 6 100 67 6 33 225 6 98 , 0.0001
ERO (mm2) 42 6 38 19 6 9 83 6 36 , 0.0001
Rvol (mL/beat) 35 6 24 22 6 11 59 6 24 , 0.0001
ERO 5 effective regurgitant orifice area; LV 5 left ventricle; RVol 5 regurgitant volume; SBP 5 systolic blood pressure;
S-PAP 5 systolic pulmonary artery pressure.
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been recommended (8,9). The color Doppler jet size is
widely used for assessment of the degree of TR but has
important limitations. The jet area has been reported to
correlate with angiographic grading (2,13) and quantitative
Doppler echocardiographic methods (14). However, regur-
gitant jet area, even corrected for the receiving chamber size,
is strongly limited by its dependence on hemodynamic
conditions (27), instrument settings (26) and jet interaction
with the receiving chamber (39). Accordingly, mediocre
correlations between jet size and TR severity were noted in
previous studies (14,20,40) and in this study. Severe TR
causes systolic flow reversal in the vena cava and hepatic
vein, but this interesting approach remains qualitative (15–
17) and does not allow assessment of the full range of TR.
Conversely, the PISA method is quantitative (18) but is not
widely used in clinical practice because a time-consuming
angle correction is required (19). Therefore, a simple but
quantitative method such as the vena contracta may have an
important clinical role in the assessment of TR.
VCW as an index of severity of TR. The vena contracta
area corresponds to the ERO area, that is, the hemody-
namic regurgitant area, which is smaller than the anatomical
regurgitant area due to the contraction of flow as it
accelerates through the regurgitant orifice. Experimental
studies have suggested that the vena contracta area provides
unique information with regard to severity of the regurgi-
tation because it is a direct measure of the ERO area (23,32)
and is relatively unaffected by flow rate and driving pressure
within the clinical range (27,29). Other factors, such as
instrument settings, that influence mainly the regurgitant jet
area do not significantly affect VCW (29,41).
Previous in vivo studies have supported the idea that
color-flow Doppler imaging of VCW is a useful and simple
index for quantifying mitral regurgitation (21,22,32,42) and
aortic regurgitation (23,24). Three-dimensional imaging
has confirmed that VC area measures the mitral ERO (43).
Proximal TR jet size was measured in a pilot study (33). It
is uncertain whether proximal jet size is identical to VCW
because the vena contracta measurement requires recogniz-
ing the three components of regurgitant flow, that is, the
flow convergence, the turbulent jet and, in-between these
two components, the narrow neck of the vena contracta.
Nevertheless, these data were promising but included a
small number of patients and few with severe regurgitation
(33). To the best of our knowledge, this study is the first to
analyze, in TR, the relation between the measurement of
the VCW with an independent measure of ERO area and
the pattern of hepatic flow in a large series of patients with
various degrees of severity of TR.
In this series, the VCW showed a close correlation with
the ERO area, even in the presence of an eccentric regur-
gitant jet, and significantly better than the jet area or ratio of
jet to RA area. Furthermore, the VCW also showed
significant correlations with the hepatic venous flow pattern,
regurgitant flow and volume and the RA area. Therefore,
the simple measurement of the VCW closely reflects the
degree of TR.
Regarding the diagnostic value for severe TR, the ROC
curve area shows that VCW is an excellent index of severe
TR. Comparison of areas under the ROC curves showed
that the diagnostic value of VCW is superior to that of jet
area or jet to RA area ratio. Also VCW correlates better
with ERO than the visual judgment of TR degree, which is
influenced by RA pressure. The statistical analysis showed
that the threshold of 6.5 mm has the lowest difference
between sensitivity and specificity and the second highest
sum of sensitivity and specificity and, therefore, is identified
as the single best value to diagnose severe TR. A threshold
Figure 4. Correlations between the effective regurgitant orifice area (ERO)
x axis and the jet area (left) and the jet-to-right atrial area ratio (right).
Figure 5. Receiver operating characteristic curve for the diagnosis of severe
tricuspid regurgitation, using as independent variables the width of the
vena contracta, jet area and jet-to-right atrial (RA) area ratio. The area
under the curve for the vena contracta width (0.98) is larger than for jet area
(0.88, p 5 0.017) and for jet-to-RA area ratio (0.85, p 5 0.01).
Table 2. Diagnostic Values of Various Thresholds of VCW to
Identify Severe TR
Threshold Value
of VCW (mm)
Sensitivity
(%)
Specificity
(%)
PPV
(%)
NPV
(%)
6 100.0 88.9 83.9 100.0
6.5 88.5 93.3 88.5 93.3
7 84.6 95.6 91.7 91.5
7.5 80.8 97.8 95.5 89.8
8 69.2 97.8 94.7 84.6
NPV 5 negative predictive value; PPV 5 positive predictive value; VCW 5 vena
contracta width.
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of 7.5 or 8 mm prioritized the specificity and positive
predictive value, whereas a threshold of 6.0 mm prioritized
the sensitivity and negative predictive value.
Therefore, the VCW is a quantitative index of severity of
TR, simple to obtain, closely reflecting important physio-
logic variables such as the ERO and with high diagnostic
value for severe TR. The VCW can be used in combination
with other methods, such as hepatic venous flow, in routine
practice for noninvasive assessment of TR or with the PISA
method when comprehensive physiologic quantitation of
TR is considered warranted.
Study limitations. A limitation of studies on TR is the lack
of an established reference method. Angiographic grading is
widely recognized to have considerable variability and pos-
sible errors (10,12). Visual, “expert” judgment on TR is
influenced by the RA pressure. Despite encouraging results
for research purposes (18,19), Doppler calculation of tricus-
pid and pulmonic stroke volumes and TR regurgitant
volume has major limitations (36). The PISA method used
in this study, despite possible limitations and pitfalls
(38,44–48), has been validated (18) and confirmed by
independent investigators (40). Confined flow convergence
was not observed and, as previously recommended for TR
(18,19), corrections that account for flattening of the isove-
locity (38) and for the nonplanarity of the structure sur-
rounding the orifice (37) were systematically applied. Fi-
nally, the PISA method was combined with clinical
assessment and hepatic venous flow to define severe TR.
Although the VCW correlated well with the ERO area,
it cannot be used to calculate precisely the ERO area, as
shown by the distribution of values, probably because the
tricuspid regurgitant orifice shape is unknown. Currently, it
is impossible to image the entire area of the vena contracta,
but future studies using three-dimensional reconstruction of
the flow convergence (45) and vena contracta region could
overcome this geometric limitation (43). Furthermore, fu-
ture studies are needed to assess the VC in unselected large
numbers of patients from all subsets, in particular with
eccentric jets.
The accuracy of color-flow measurements is highly de-
pendent on the resolution of the imaging system (28,29).
This is particularly important when the lateral resolution of
ultrasound is used. To optimize measurement of the VCW,
it is essential to observe all three components of the
regurgitant flow (flow convergence, VC, jet) by optimizing
transducer position and to maximize color Doppler frame
rate. With this approach, good reproducibility of VCW was
observed.
This study did not attempt sequential measurements of
the VCW during systole and, thus, did not address the issue
of variability of the width during the regurgitant phase.
Although it has been suggested that the ERO area in TR is
fairly constant throughout systole (18), future studies ad-
dressing this point are warranted.
Conclusions. Direct measurement of the VCW is a new
and promising method for assessing the degree of TR. This
study has shown that the measurement of the VCW of TR
is a simple, reproducible, quantitative measurement that
provides high diagnostic value for severe TR and can be
used in routine clinical practice.
Reprint requests and correspondence: Dr. Maurice Enriquez-
Sarano, Division of Cardiovascular Diseases and Internal Medi-
cine, Mayo Clinic, 200 First Street Southwest, Rochester, Min-
nesota 55905.
REFERENCES
1. Hauck AJ, Freeman DP, Ackermann DM, Danielson GK, Edwards
WD. Surgical pathology of the tricuspid valve: a study of 363 cases
spanning 25 years. Mayo Clin Proc 1988;63:851–63.
2. Chopra HK, Nanda NC, Fan P, et al. Can two-dimensional echocar-
diography and Doppler color flow mapping identify the need for
tricuspid valve repair? J Am Coll Cardiol 1989;14:1266–74.
3. Sagie A, Schwammenthal E, Newell JB, et al. Significant tricuspid
regurgitation is a marker for adverse outcome in patients undergoing
percutaneous balloon mitral valvuloplasty. J Am Coll Cardiol 1994;
24:696–702.
4. Hung J, Koelling T, Semigran MJ, Dec GW, Levine RA, Di Salvo
TG. Usefulness of echocardiographic determined tricuspid regurgita-
tion in predicting event-free survival in severe heart failure secondary
to idiopathic-dilated cardiomyopathy or to ischemic cardiomyopathy.
Am J Cardiol 1998;82:1301–3.
5. King RM, Schaff HV, Danielson GK, et al. Surgery for tricuspid
regurgitation late after mitral valve replacement. Circulation 1984;70
Suppl 1:I193–7.
6. Baughman KL, Kallman CH, Yurchak PM, Daggett WM, Buckley
MJ. Predictors of survival after tricuspid valve surgery. Am J Cardiol
1984;54:137–41.
7. Breyer RH, McClenathan JH, Michaelis LL, McIntosh CL, Morrow
AG. Tricuspid regurgitation. A comparison of nonoperative manage-
ment, tricuspid annuloplasty and tricuspid valve replacement. J Thorac
Cardiovasc Surg 1976;72:867–74.
8. Carpentier A, Deloche A, Hanania G, et al. Surgical management of
acquired tricuspid valve disease. J Thorac Cardiovasc Surg 1974;67:
53–65.
9. McCarthy JF, Cosgrove DM, III. Tricuspid valve repair with the
Cosgrove-Edwards Annuloplasty System. Ann Thorac Surg 1997;64:
267–8.
10. Lingamneni R, Cha SD, Maranhao V, Gooch AS, Goldberg H.
Tricuspid regurgitation: clinical and angiographic assessment. Cathet
Cardiovasc Diagn 1979;5:7–17.
11. Cairns KB, Kloster FE, Bristow JD, Lees MH, Griswold HE.
Problems in the hemodynamic diagnosis of tricuspid insufficiency. Am
Heart J 1968;75:173–9.
12. Pepine CJ, Nichols WW, Selby JH. Diagnostic tests for tricuspid
insufficiency: How good? (editorial). Cathet Cardiovasc Diagn 1979;
5:1–6.
13. Suzuki Y, Kambara H, Kadota K, et al. Detection and evaluation of
tricuspid regurgitation using a real-time, two-dimensional, color-
coded, Doppler flow imaging system: comparison with contrast two-
dimensional echocardiography and right ventriculography. Am J Car-
diol 1986;57:811–5.
14. Rivera JM, Vandervoort PM, Vazquez de Prada JA, et al. Which
physical factors determine tricuspid regurgitation jet area in the clinical
setting? Am J Cardiol 1993;72:1305–9.
15. Sakai K, Nakamura K, Satomi G, Kondo M, Hirosawa K. Evaluation
of tricuspid regurgitation by blood flow pattern in the hepatic vein
using pulsed Doppler technique. Am Heart J 1984;108:516–23.
16. Diebold B, Touati R, Blanchard D, et al. Quantitative assessment of
tricuspid regurgitation using pulsed Doppler echocardiography. Br
Heart J 1983;50:443–9.
17. Pennestri F, Loperfido F, Salvatori MP, et al. Assessment of tricuspid
regurgitation by pulsed Doppler ultrasonography of the hepatic veins.
Am J Cardiol 1984;54:363–8.
18. Rivera JM, Mele D, Vandervoort PM, Morris E, Weyman AE,
477JACC Vol. 36, No. 2, 2000 Tribouilloy et al.
August 2000:472–8 Vena Contracta in Tricuspid Regurgitation
Thomas JD. Effective regurgitant orifice area in tricuspid regurgita-
tion: clinical implementation and follow-up study. Am Heart J
1994;128:927–33.
19. Rivera JM, Vandervoort PM, Mele D, et al. Quantification of tricuspid
regurgitation by means of the proximal flow convergence method: a
clinical study. Am Heart J 1994;127:1354–62.
20. Rivera JM, Vandervoort PM, Morris E, Weyman AE, Thomas JD.
Visual assessment of valvular regurgitation: comparison with quanti-
tative Doppler measurements. J Am Soc Echocardiogr 1994;7:480–7.
21. Tribouilloy C, Shen WF, Quere JP, et al. Assessment of severity of
mitral regurgitation by measuring regurgitant jet width at its origin
with transesophageal Doppler color flow imaging. Circulation 1992;
85:1248–53.
22. Hall SA, Brickner ME, Willett DL, Irani WN, Afridi I, Grayburn
PA. Assessment of mitral regurgitation severity by Doppler color flow
mapping of the vena contracta. Circulation 1997;95:636–42.
23. Ishii M, Jones M, Shiota T, et al. Quantifying aortic regurgitation by
using the color Doppler-imaged vena contracta: a chronic animal
model study. Circulation 1997;96:2009–15.
24. Ishii M, Jones M, Shiota T, et al. Evaluation of eccentric aortic
regurgitation by color Doppler jet and color Doppler-imaged vena
contracta measurements: an animal study of quantified aortic regurgi-
tation. Am Heart J 1996;132:796–804.
25. Yoganathan AP, Cape EG, Sung HW, Williams FP, Jimoh A.
Review of hydrodynamic principles for the cardiologist: applications to
the study of blood flow and jets by imaging techniques. J Am Coll
Cardiol 1988;12:1344–53.
26. Bolger AF, Eigler NL, Pfaff JM, Resser KJ, Maurer G. Computer
analysis of Doppler color flow mapping images for quantitative
assessment of in vitro fluid jets. J Am Coll Cardiol 1988;12:450–7.
27. Switzer DF, Yoganathan AP, Nanda NC, Woo YR, Ridgway AJ.
Calibration of color Doppler flow mapping during extreme hemody-
namic conditions in vitro: a foundation for a reliable quantitative
grading system for aortic incompetence. Circulation 1987;75:837–46.
28. Taylor AL, Eichhorn EJ, Brickner ME, Eberhart RC, Grayburn PA.
Aortic valve morphology: an important in vitro determinant of
proximal regurgitant jet width by Doppler color flow mapping. J Am
Coll Cardiol 1990;16:405–12.
29. Baumgartner H, Kratzer H, Helmreich G, Kuhn P. Quantitation of
aortic regurgitation by colour coded cross-sectional Doppler echocar-
diography. Eur Heart J 1988;9:380–7.
30. Grayburn PA, Fehske W, Omran H, Brickner ME, Luderitz B.
Multiplane transesophageal echocardiographic assessment of mitral
regurgitation by Doppler color flow mapping of the vena contracta.
Am J Cardiol 1994;74:912–7.
31. Fehske W, Omran H, Manz M, Kohler J, Hagendorff A, Luderitz B.
Color-coded Doppler imaging of the vena contracta as a basis for
quantification of pure mitral regurgitation. Am J Cardiol 1994;73:
268–74.
32. Zhou X, Jones M, Shiota T, Yamada I, Teien D, Sahn DJ. Vena
contracta imaged by Doppler color flow mapping predicts the severity
of eccentric mitral regurgitation better than color jet area: a chronic
animal study. J Am Coll Cardiol 1997;30:1393–8.
33. Rivera JM, Vandervoort P, Mele D, Weyman A, Thomas JD. Value
of proximal regurgitant jet size in tricuspid regurgitation. Am Heart J
1996;131:742–7.
34. Vandervoort PM, Rivera JM, Mele D, et al. Application of color
Doppler flow mapping to calculate effective regurgitant orifice area. An
in vitro study and initial clinical observations. Circulation 1993;88:
1150–6.
35. Enriquez-Sarano M, Miller FA, Jr, Hayes SN, Bailey KR, Tajik AJ,
Seward JB. Effective mitral regurgitant orifice area: clinical use and
pitfalls of the proximal isovelocity surface area method. J Am Coll
Cardiol 1995;25:703–9.
36. Marshall SA, Weyman AE. Doppler estimation of volumetric flow. In:
Weyman AE, editor. Principles and Practice of Echocardiography,
2nd ed. Philadelphia: Lea & Febiger, 1994:967.
37. Rodriguez L, Thomas JD, Monterroso V, et al. Validation of the
proximal flow convergence method. Calculation of orifice area in
patients with mitral stenosis. Circulation 1993;88:1157–65.
38. Rodriguez L, Anconina J, Flachskampf FA, Weyman AE, Levine RA,
Thomas JD. Impact of finite orifice size on proximal flow convergence.
Implications for Doppler quantification of valvular regurgitation. Circ
Res 1992;70:923–30.
39. Cape EG, Yoganathan AP, Weyman AE, Levine RA. Adjacent solid
boundaries alter the size of regurgitant jets on Doppler color flow
maps. J Am Coll Cardiol 1991;17:1094–102.
40. Grossmann G, Stein M, Kochs M, et al. Comparison of the proximal
flow convergence method and the jet area method for the assessment
of the severity of tricuspid regurgitation. Eur Heart J 1998;19:652–9.
41. Diebold B, Touati R, Delouche A, et al. Doppler imaging of
regurgitant jet in aortic insufficiency: experimental validation and
preliminary clinical evaluation. Eur Heart J 1987;8 Suppl C:45–52.
42. Mele D, Vandervoort P, Palacios I, et al. Proximal jet size by Doppler
color flow mapping predicts severity of mitral regurgitation. Clinical
studies. Circulation 1995;91:746–54.
43. Breburda CS, Griffin BP, Pu M, Rodriguez L, Cosgrove DM, III,
Thomas JD. Three-dimensional echocardiographic planimetry of
maximal regurgitant orifice area in myxomatous mitral regurgitation:
intraoperative comparison with proximal flow convergence. J Am Coll
Cardiol 1998;32:432–7.
44. Vandervoort PM, Thoreau DH, Rivera JM, Levine RA, Weyman AE,
Thomas JD. Automated flow rate calculations based on digital analysis
of flow convergence proximal to regurgitant orifices. J Am Coll
Cardiol 1993;22:535–41.
45. Shiota T, Sinclair B, Ishii M, et al. Three-dimensional reconstruction
of color Doppler flow convergence regions and regurgitant jets: an in
vitro quantitative study. J Am Coll Cardiol 1996;27:1511–8.
46. Deng YB, Shiota T, Shandas R, Zhang J, Sahn DJ. Determination of
the most appropriate velocity threshold for applying hemispheric flow
convergence equations to calculate flow rate: selected according to the
transorifice pressure gradient. Digital computer analysis of the Doppler
color flow convergence region. Circulation 1993;88:1699–708.
47. Utsunomiya T, Doshi R, Patel D, et al. Calculation of volume flow
rate by the proximal isovelocity surface area method: simplified
approach using color Doppler zero baseline shift. J Am Coll Cardiol
1993;22:277–82.
48. Nozaki S, Shandas R, DeMaria AN. Requirement for accurate
measurement of regurgitant stroke volume by the combined
continuous-wave Doppler and color Doppler flow convergence
method. Am Heart J 1997;133:19–28.
478 Tribouilloy et al. JACC Vol. 36, No. 2, 2000
Vena Contracta in Tricuspid Regurgitation August 2000:472–8
